Introduction
The European fire-salamander, Sulutnmdtx s&mandru, is a well known example of polytypic species with an extraordinary range of variability in coloration pattern and body size. This terrestrial salamander is found throughout most of Europe, parts of the Middle East, and North Western Africa (e.g. Joly, 1968) . Nevertheless, only in the Iberian Peninsula has the species achieved major morphological and reproductive differentiation (Thorn, 1968; Bas and Gasser, 1994) . Although a comprehensive examination of the systematic relationship of S. sulutnutzdru remains to be done at the global level, we have explored the genetic relationships among the various described "subspecies" along the Northern ridge of the Iberian Peninsula. As reported recently, the genetic relationship among the populations in this area suggests a complex pattern of expansion and regression of the species during glacial and interglacial periods (Alcobendas et al., 1996; see also, Bas and Gasser, 1994) .
A peculiarity within the variation exhibited by this urodele in Northern Iberia is that some populations are known to give birth to just a few (roughly ranging from 1 to 15) fully metamorphosed offspring (Wolterstorff, 1928 , Joly, 1968 , Thiesmeier and Haker, 1990 . This mode of reproduction contrasts with the characteristics ovoviviparous reproduction mode of this species. Ovoviviparity consists of a female going to a pond, or any temporal water body, to deposit from 2OC60 eggs that either hatch as they are being laid, or had already done so very briefly prior to the parturition event; the gilled-larvae will spend a variable period of time, from a few weeks to two years, in the water, prior to undergoing metamorphosis into terrestrial forms. The derived mode eliminates the aquatic part of the life cycle and it is usually known as "viviparity", although there is no evidence of maternal apportionment of nutrients during the gestation period (see Wake, 1982 and 1993 for a review). More detailed geographic studies and laboratory observations (Dopazo and Alberch, 1994; Dopazo, 1995) have shown an extraordinary degree of both inter-and intra-populational variability in reproductive modes among salamanders sampled in the North of the Iberian Peninsula (Fig. I) . Alcobendas et al. (1996) study reinforced the conspecific status of all the populations of S. salummdru sampled in this area. Furthermore, it was shown that a minor genetic distance is associated with the reproductive divergence of the species, and demonstrates that most viviparous populations belong to the same cluster within the characterized two lineages. Bas (1983) reported specimens with a striking morphological and reproductive variability in an area circumscribed to North East of Galicia and West of Asturias (see A in Fig. 1 ). Bas (1983) and Bas and Gasser (1994) hypothesized that this area is a secondary contact zone between ovoviviparous forms coming from South of Galicia and viviparous salamanders coming from East of Asturias.
In this paper we applied restriction fragment length polymorphisms (RFLP) analysis of mitochondrial DNA from Northern Iberian populations. Maternal heritage, absence of recombination and high evolutionary rate are features that make mtDNA a powerful tool to understand the dynamics of genetic exchange along contact zones. We wanted to know if mtDNA divergence among viviparous and ovoviviparous populations is within the range found in previous studies of mtDNA divergence at the specific level in urodeles. In addition, we could examine if mtDNA and nuclear DNA markers exhibit concordant geographical patterns of distribution. Furthermore, we could use the integrated data set to explore if such patterns of molecular geographic variability are associated to reproductive patterns distribution. The results presented in this paper provide new insights into the genetic characterization of populations located along a transect that encompasses the various reproductive modes found in the species. This kind of detailed microevolutionary mapping is required to address a larger issue with general implications: the dynamics of evolution of the ovoviviparity-viviparity transition. Such a transformation in the reproductive pattern has an ecological significance as fundamental as the achievement of the aquatic media independence. We used this system as a model to study the evolutionary dynamics of the acquisition of evolutionary transitions. As many authors have pointed out (e.g., Cracraft, 1990) , critical evidence for the characterization and understanding of major evolutionary transitions must come from within the species level. Unfortunately, the intra-populational variability required to address these issues is rarely found. Most macroevolutionary studies addressing the evolution of morphological-ecological innovations have to rely on "morphoclines" built with the states found in various related species. Here we simply wish to point out that the ovoviviparity-viviparity allows us to explore the dynamics of geographic and intrapopulational variability of a trait usually addressed through interspecific comparisons.
Populations of S. srrlrrr~~u~z~/~~~ along the Northern fringe of the Iberian Peninsula were sampled, taking into consideration the distribution of the currently recognized 4 subspecies (Fig. 1 , Tab. 1). The range of sampled individuals per population ( 1~ 14) corresponds to the females capture success. The specimens are deposited in the herpetological collection of the Museo National de Ciencias Naturales of Madrid.
Mitochondriol DNA isoh tion, digc~stion und mupping
Mitochondrial
DNA was isolated from mature ovaries preserved in liquid nitrogen according to Wallis (1987) . Dialysis steps were omitted. Samples were then resuspended in TE (10 mM Tris HCI, pH 8.0, 1 mM EDTA) with 50 pgjml RNase. In some cases, treatment with GeneClean reagents was used (GeneClean kit cat NQ3105, BiolOl Inc, La Jolla, Ca). MtDNA was digested overnight at 30 "C with endonucleases in OFB 1X buffer (O'Farrel, et al. 1980) .
The following enzymes: Eco RI, Hind III, Pst I, Puu II, Stu I and Xb~l I (hexanucleotid-recognition sequences) were used and purchased from Boehringer Manheim, Pharmacia and Promega.
Fragments were sized in horizontal agarose (0.7% or 1.5%) gels buffered with TAE (40 mM Tris acetate, 2 mM EDTA, pH 8.0), using Hind III, Eco RI and Pst I lambda DNA digests as length standards.
Gels were stained with ethidium bromide (0.5 /[g/ml). Photographs were taken with 665 Polaroid film.
Restriction sites were mapped by double digestion experiments. Maps were aligned against mitochondrial genome of Xmopus fuevi,r (Cordonnier et al., 1982) and Triturus cristutus (Wallis, 1987) considering the two universally conserved Sst II sites and the Xha I site located near the replication origin of the light-strand.
A binary characters matrix was constructed from the presence-absence of restriction sites. Three different approaches were used to estimate the phylogenetic relationships of haplotypes. 1 ~ A distance tree was constructed using the NeighborJoining algorithm (Saitou and Nei, 1987) . Corrected values of divergence (d) between haplotypes were calculated according to Nei (1987) . 2 ~ Maximum-likelihood approach was carried out using the RESTML program (Felsenstein, 1992 (Felsenstein, , 1993 . 3 ~~ Parsimony analysis was made using PAUP (Swofford, 1990) . As a consequence of asymmetric gain-loss site probability (DeBry and Slade, 1985) , a parsimony criterion with stepmatrix 3:l option was employed. Additionally, trees obtained by the strict prohibition imposed by Do110 and the stepmatrix 6:l (gain-loss cost) were compared taking into consideration tree length,,f-ratio and retention index statistics.
Optimization by minimum j-value and exhaustive search procedure were employed in all cases. Bootstrap analysis was employed using 500 replications.
Results
Mitochonu'&l DNA polywor-pllisms (Carr et al., 1987; Wallis, 1987) .
All endonucleases yielded at least 2 different fragment profiles. Combinations for each enzyme defined nine mitochondrial haplotypes designated by capital letters (Tab. 1). Figure 2 shows the restriction map for each haplotype. In agreement with several studies in other vertebrates (Carr et al., 1987 , and references therein), all haplotypes of S. salunzandru have two conserved Sst II sites (Fig. 2) that defines a 1.7 kb fragment. Furthermore, the second Xb~l I restriction site (X2), located at 3.1 Kb of the nearest Sst II site (x2) in all S. .salunamdm haplotypes, is conserved in other amphibian species, mapping near to the replication origin of the light strand in X'cnops and Triturus mtDNA (Wallis, 1987) (Fig. 2) . These three sites allowed the unambiguous alignment of S. sulumnndru maps. In contrast to the extensive insertion polymorphisms detected in Triturus (Wallis, 1987) , only one specimen from the Covadonga population (labeled with * in Tab. 1) showed a higher mtDNA length size, probably caused by an insertion between the Hl and H5 Hind III sites (see Fig. 2 ). Table 2 shows the pairwise estimates of divergence (d) and the number of restriction site changes among haplotypes. Among them, d varied between 0.41% and 5.91'%,. The minimum value of divergence corresponded to differences between haplotypes G-H and G-E (only one restriction site change, Fig. 2) . Interestingly, the largest haplotype differentiation was detected between B and C, found in geographically adjacent populations (Figs. 3 and 4) . Within the subspecies currently described in the literature, the highest value of d was 3.31%, corresponding to the divergence between haplotypes G and B in S. s.
hernurdci.
Among subspecies, the minimum d value was only 0.43%, corresponding to the haplotypes A and F (S. s. firstuom and S. s. tm-estris respectively) (Tab. 2). Hence, d values within subspecies are higher than among subspecies. Trees constructed by different methodologies shared a similar topology. Haplotypes were distributed into two major clusters: haplotypes A-C-F and B-D-E-G-H-I (Fig. 3) . Table I . Figure 3A depicts the relation of linkages among haplotypes in the nieghbor-joining (N-J) tree. Figure 3B shows the phylogenetic relationship from maximum-likelihood analysis (Ln L = -11 1.51). When comparing trees, both showed relatively proportional lengths for the principal branches. The cladistic methodology recognized the same principal clusters as N-J and maximum-likelihood trees (Fig. 3C ). Five shortest (length-16) and most consistent (CI = 0.8 12, excluding uninformative characters = 0.727, RI = 0.769) unrooted trees were obtained using 3: 1 stepmatrix criteria of gain-loss sites. Only the relative positions of haplotypes D, G, E, I and H changed among these five trees. This uncertainty can be analyzed from the associations values of the most parsimonious consensus tree, using 50% majority rule (Fig. 3C) . Bootstrap analysis recognized the two principal clusters A-C-F and B-D-E-G-H-I above the 90% of 500 replications. The region of Asturias in the center of our surveyed arcas is inhabited by most of the viviparous populations, and it is where we found six of the nine haplotypes of S. salurmmd~~ (B, D, E, G, H, and I, Tab. 1, Fig. 4 ). In this relatively small geographical area we observed a sharp contrast between the wide distribution of haplotype B and the others, only found in Oviedo and mainly in the Pto. de1 Palo populations. This latter population stands out by an unusual degree of mitochondrial variability consisting of several closely related haplotypes and the uniqueness of the haplotype D found in relatively high frequency (see Tab. 1 and Fig. 4 ). According to maximum-likelihood analysis, non-significant branch length was found between nodes 1 and 2 suggesting that haplotype D is located at the nodal position between B and the remainder Asturian mtDNA haplotypes (Fig. 3B) .
In contrast to the localized geographical pattern of distribution within the Asturian cluster, the remaining haplotypes encountered (A, F and C) are widely distributed throughout the Northern Iberian Peninsula. Haplotype F ranges from the Pyrenees mountains in the East, to the Galician provinces in the extreme Western opposite. Haplotype A is distributed from the Southwest of France to Western Cantabria. Haplotype C is mainly localized at the Southwest of Galicia (see Fig. 1 and Fig. 4) .
The existence of haplotype C with the "Asturian haplotypes" in Pto. de1 Palo population indicates the presence of a zone of secondary contact between lineages belonging to the two major clusters (Fig. 4) .
Discussion
Geogrupphic distr-ihution of' mtDNA wriuhilit)~ The mtDNA haplotypes from S. sakrmandru surveyed along the North Iberian Peninsula cluster into two well defined groups (Fig. 3) . The haplotypes distribution does not correlate with the geographic distribution of the current subspecies (Figs.  1 and 4) . While the A-F-C cluster has a "Peninsula-wide" geographic distribution range, with minor genetic differences among them. the B-D-H-G E-I cluster shows a narrow distribution restricted to the Asturias region with comparative major genetic differences between haplotypes (Figs. 3 and 4) .
These results support the hypothesis proposed by Alcobendas et al. (1996) , where only two evolutionary entities are identified in the Northern part of the Iberian Peninsula. However, the small intraspecific allozyme differentiation (DN 0.005-0.199) noted by Alcobendas et al. (1996) contrasts with the relatively high mtDNA divergence reported here. In comparison with other RFLP studies, the highest divergence value obtained in S. salun~andr~ (d= 5.91%. Tab. 2) is close to the species differentiation level observed inthe urodeles Triturus (7X1, Wallis & Artzen, 1989) and Necturus (60/o, Avise et al., 1987) .
The existence of only one (F) or two related haplotypes (C-F) in populations sampled in both extremes of the North lberian Peninsula (Montseny, Monfero, Pontevedra, Tab. 1) supports the unexpected result presented by Alcobendas et al. ( 1996) where morphologically distinctive populations, separated by long geographic distances, showed small allozyme molecular distances. We suggest that this continuous phylogeographic pattern probably reflects the original existence of a single ancestral isofemale lineage that extended across the North of the Iberian Peninsula. Moreover, these observations indicate that, as in other taxa, morphological evolution proceeds faster than nuclear and mitochondrial, genetic differentiation (Neigel and Avise, 1986; Zink and Dittman, 1993) . Reproductive patterns showed strong association to nuclear DNA, rather than mtDNA heritage. As mitochondrial and nuclear DNA have independent heritage systems, their genetic limits do not necessarily coincide. Ucieda and Lindus populations exemplified this; they showed the same isofemale lineage A closer to F and C than to the Asturian haplotypes in mtDNA trees (Fig. 3) ; however, allozyme trees indicate that the population of Ucieda and Lindus is more closely related to the Asturian viviparous populations according to its optional viviparous reproductive mode (Alcobendas et al., 1996) . Surprisingly the same haplotype A was found in Lindus and Arguenos populations (populations 2 and 3 in Fig. 4) where the highest allozyme differentiation was detected (DN = 0.199, Alcobendas et al., 1996) . Indeed, considering that populations have optional viviparous and ovoviviparous reproductive strategies respectively, we suggest that this important transition in the reproductive pattern of S. .wl~~~~~un~/ru could have arisen in a single isofemale lineage (Fig. 3A) with subsequent differentiation of nuclear gene products. We have detected five different and closely related haplotypes in the Pto. de1 Palo population (Tab. 1). According to the non significant distances between nodes 1 and 2, the most frequent haplotype (D) remained in a nodal position between haplotype B and the other four Asturian haplotypes (H, G, E, I; Fig. 3B ). As all trees are unrooted, we do not know the ancestor-descendant relationships among haplotypes. However, preliminary results on cytochrome b sequences with outgroup comparisons suggest that Pto. de1 Palo could be the ancestral population in the North of the Jberian Peninsula (Garcia Paris, pers. comm.). Avise et al. (1987) emphasized that major intraspecific mtDNA discontinuities could frequently be explained by long-term extrinsic barriers to gene flow. Moreover, if such processes have shaped the genetic architecture of North lberian populations of S. sdmzund~a, important nuclear DNA distinctions would exist in parallel with major mtDNA discontinuities.
To test this prediction, the allelic frequencies of five selected loci were plotted against mtDNA clusters (Fig. 5) agreement with Avise's prediction, four nuclear genetic markers have shown quite different frequency changes associated with geographic transitions between the principal mtDNA clusters distribution (Fig. 5) . As shown in Fig. 5 , "a + b"-Alb-2, "b"-Est-m and "a"-Sdh-1 alleles are absent in populations carrying the B-D-E-G-H-I haplotypes (mtDNA 2). Only the absence of "a''-Sdh-1 allele in Arguenos population did not fit into this general pattern.
Because mtDNA is maternally inherited, it can be used to identify the founder lineages involved in hybridization events (Dowling et al., 1989) . It has been suggested that the Asturian salamanders interact along a wide area (including the sampled Oscos and Fonsagrada populations) with Galician forms ( Fig. 1 ; Bas, 1983 and Bas and Gasser, 1994) . If both populations had arisen as the result of a secondary contact. we would expect to find mtDNA haplotypes of the two principal clusters coexisting in this area. The presence of haplotypes belonging to a single mtDNA cluster in Oscos and Fonsagrada (F and C, Tab. 1) led us to refute this explanation regarding the pure identity of the interacting units. Instead mtDNA data show that females with intermediate morphology and reproductive pattern sampled in this area have arisen as a contact between related mtDNA lineages of the typical Pyrenean (F haplotype) and the Galician isofemale lineages (C haplotype) (Fig. 4) .
However, this scenario turned out to be incomplete because many Oscos females showed optional viviparism, a reproductive pattern different from that of their putative parental forms (Tab. 1). Populations carrying F and C haplotypes showed only the ovoviviparous mode (Tab. 1, Fig. 3A) . Nevertheless, fine-tuned analysis revealed a third genetic exchange, indicated by "c"-Est-h allele in Oscos population (Fig. 5 ). This nuclear gene flow coming from the Asturias stock has not been detected in the mtDNA haplotype distribution in Oscos population and could probably account for the new reproductive pattern observed in this populaton. So, we suggest that the evolution of reproductive and genetic variability in Oscos population was the result of two distinct processes of contact carried out by 3 genetically differentiated entities. The first, by two mtDNA entities coming from central Galicia and the Pyrenees. The second, carried out by the introgression of nuclear genes coming from Asturias in the absence of mtDNA trace. As confirmed by the presence of the Galician haplotype C in the Pto. de1 Palo population, another instance of secondary contact must have occurred in the west of Asturias. Ovoviviparous lineage C found in high frequency in the south of Galicia extended to Pto. de1 Palo population, where only optional viviparous individuals have been found (Fig. 4) . Whether salamanders with different reproductive strategies meet in Oscos and Pto. de1 Palo populations remains an open question. Future evidence of gene flow among lineages may account for the origin and maintenance of this striking reproductive and genetic variability of S. sakm~~&a in the west of Asturias.
